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AnAlytIcAl SyntheSIS                                           
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The problem of the analytical synthesis of the synergetic control 
system of chemical reactor for the realization of a complex series-par-
allel exothermal reaction has been solved. The synthesis of control 
principles is performed using the analytical design method of ag-
gregated regulators. Synthesized nonlinear control system solves the 
problem of stabilization of the concentration of target component at 
the exit of reactor and also enables one to automatically transfer to 
new production using the equipment.
Keywords: analytical synthesis; control system; chemical reactor; 
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Introduction
The fundamental concept of the design of contemporary flow pro-
cesses is the concept of the design of cybernetically organized chem-
ical engineering processes and systems, which was rationalized by 
Academician V.V. Kafarov [1].
According to this concept, during the step of the design of chemi-
cal production, which is related to the conversion of initial substances 
to final products, the problem of optimal synthesis of reactor junction 
and problem of synthesis of the process control algorithms is solved; 
and, at the step of consumption, the sub-problem of the organization 
of optimal functioning of object under the effect of parametrical and 
signal disturbances [1–5].
Despite the large number of the works related to the automation 
and control of chemical reactors [6–9], the problem of synthesizing 
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control systems that provide the maintenance of optimal modes of 
their work remains completely unsolved. This is related to the princi-
pal feature of chemical reactors as control objects, namely, manifold, 
nonlinearity, and multicoupling.
The solution of this situation is to develop a physical theory of 
control, in particular synergetic control theory, the principal features 
of which were formulated in [10–12].
The use of synergism ideas in the problems of control assumes the 
development and realization of the directed target self-organization of 
object-regulator dissipative nonlinear systems. Furthermore, the aim 
of the motion of system is formulated as the desired invariant mani-
fold in phase space of object, which acts as a target attractor [12].
In general, the problem of synergetic synthesis of the control sys-
tem is formulated as follows: the control principle, u = (u1,..., um)
T, should 
be determined as the function of state variables of object u1(x1,..., xn), 
..., um(x1,..., xn), which transforms the representative point (RP) of sys-
tem in phase space from the random initial state to the environment 
of the given invariant manifolds ΨS (x1,..., xn) = 0, S = 1,..., m and 
subsequent motion along the intersection of manifolds to somewhat 
stationary point or to somewhat dynamic mode. In the given equa-
tions, n is the dimensionality of state vector and m is the number of 
external controls. On the path of motion, the minimum of the criterion 
of optimality of system (J) should be attained and its stability should 
be ensured as follows:
.                               (1)
The motion of RP in phase space follows the functional equation
, S = 1,..., m,                              (2)
where TS is time constant. This is the equation of stable critical point, 
which gives minimum to the optimizing functional (1). The condition 
of asymptotic stability of system generally has the form TS>0.
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The effectiveness of the method of analytical design of control 
algorithms by nonlinear objects with the use of synergetic principle 
(the method of analytical design of aggregated regulators (ADAR)) is 
given in [13–16].
In this work, the problem of synthesizing the effective control al-
gorithms of the chemical reactor in the realization of the complex se-
ries-parallel reaction is stated. The synthesized control system should 
provide the stabilization of the concentration of target component of 
chemical reaction on the exit of device under the action of disturbanc-
es on object, as well as the transfer of object from one mode of work to 
another (switch), namely, change of its productivity with the retention 
of the required quality of target component.
Description of object and statement of control problem
A chemical reactor is a capacity-type device equipped with a me-
chanical stirrer (Fig. 1). The device functions in isothermal mode. The 
multistep series-parallel reaction is carried out in the reactor as follows:
, , ,
where A and B are initial reagents; P1, P2 and P3 are products of reaction; 
k1, k2, and are rate constants of steps. The key component is P2 substance. 
Initial reagents А and В are given to the device by separate flows.
fig. 1. Flow scheme of chemical reactor
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In Fig. 1, the following designations are given: ,  are the con-
centrations of initial reagents; υ1, υ2 is the use of initial reagents; υ is 
the use of reaction mixture on the exit from device; x1, x2, x3, and x4 
are the concentrations of components A, B, P1, and P2 in reactor; and 
V = x5 is the volume of reaction mixture in device.
The mathematical model of chemical reactor at constant tempera-
ture of reaction mixture and variable degree (volume) has the follow-
ing form:
 (3)
where R1 = –k1x1x2 – k2x1x3 – k3x1x4, R2 = –k1x1x2, R3 = k1x1x2 – k2x1x3, 
R4 = k2x1x3 – k3x1x4 is the rate of reaction on components.
The problem of control of chemical reactor is formulated as fol-
lows: one should synthesize the control principle, which provides the 
transfer of device from one production, , to new production, 
, and stabilization of the concentration of target component at 
the given degree  under the action of disturbances. The change of 
the output flow with time from υ to  can proceed by any principle, 
including in a stepwise manner.
The transfer to new production , with the maintenance of the giv-
en concentration , is made possible by the selection of the particular 
value of the average time of reaction mixture in device, . At the given 
, , , the required mean time can be achieved by the change in the 
mixture volume in the device.
The flow of the initial reagent υ2 at the input to the device is sug-
gested as the control effect for the volume regulation. In addition, one 
should also choose the control for stabilizing the concentration x4 at 
the given degree under the action of disturbances. The analysis of the 
structure of equations of mathematical model of reactor (3) shows that 
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variables x1 and x3 may act as the internal controls and the direct exter-
nal effect can be performed only on x1 by the change of the consumption 
of initial reagent υ1 at the input to reactor. Thus, the control channels of 
the concentration of the target component and volume of the mixture 
in the device are represented as follows: , , where 
u1 = x1, u2 = x2.
Synthesis of control principles via ADAR
Because the mathematical model of object (3) contains two exter-
nal controlling effects u1 = υ1 and u2 = υ2, we use the ADAR meth-
od on the basis of parallel-series combination of invariant manifolds 
[12]. The procedure for synthesizing the control principle involves the 
following. At the first step, the invariant manifolds are considered as 
shown below:
, S = 1, 2,
which determines the given relationships between phase coordinates 
of object, which in turn reflects the specificity of control object and 
requirements of designer to system. The control principle u = (u1, u2)
T 
is synthesized so as to perform the transition of representative point of 
system in phase space from arbitrary initial position to the intersection 
of manifolds, .
Let us introduce two aggregated macrovariables to consideration, 
the first of which determines the relationship of x1 with controlled 
variable x4 and the second reflects the technological requirement to 
the volume of reaction system as follows:
, ,                            (4)
where ν1(x4) is somewhat function, which should be determined at 
subsequent procedure of synthesis. Macrovariables (4) should follow 
the solution of principal functional equation of ADAR method (2).
Let us introduce the macrovariables Ψ1 and Ψ2 of Eq. (4) to func-
tional equation (2) for the synthesis of control principle, u = (u1, u2)
T. 
As a result, we obtain the following equations:
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, .
Due to the equations of object (3), these relationships have the fol-
lowing form:
,
,                             
(5)
where  is the new set value of the consumption at the exit from reac-
tor, which determines the required production.
We obtain the following relationships for the control principle 
from Eq. (5):
,
.                                   
(6)
Controls u1 and u2 transfer the RP of the system in the phase space 
to the intersection of manifolds, Ψ1 = 0 and Ψ2 = 0, where the relation-
ships x1 = –ν1, x5 =  are realized and the compression of phase space 
is realized, i.e., a decrease occurs in the dimensionality of the system 
of equations (3). The equations of decomposed system with the as-
sumption of relationships x1 = –ν1 and υ =  have the following form:
,       (7)
where R2 = k1ν1x2, R3 = –k1ν1x2 + k2ν1x3, R4 = –k2ν1x3 + k3ν1x4.
The function ν1(x4) in the decomposed system (7) can be consid-
ered to be the internal control, under the action of which the motion of 
object (7) along the intersection of manifolds Ψ1,2 = 0 takes place. At 
the second step of procedure, the investigation of the expression for 
ν1(x4) is performed. For this purpose, the aim of the motion of system 
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(7) is considered in the form of invariant manifold, which reflects the 
technological requirement to system as follows:
Ψ3 = x3 –  = 0.                                       (8)
Macrovariable Ψ3 corresponds to the solution of functional equa-
tion, , which has the following form in extended form 
with the assumption of Eq. (8) due to the model of decomposed sys-
tem (7) shown below:
.                    (9)
The internal control is written as follows in accordance with Eq. (9):
.                    (10)
Final equation for the control principle u1 can be obtained by the 
introduction of ν1 function (10) and its partial derivative  to Eq. 
(6). The parameters of the adjustment of control laws, which affect the 
quality of the dynamics of the processes in object-regulator isolated 
system, are the time constants T1, T2 and T3. The conditions of asymp-
totic stability have the following form: T1>0, T2>0, T3>0.
mathematical simulation and results
In order to verify the operation of the synthesized control law by 
the chemical reactor, the computer simulation of the object-regulator 
isolated system was performed. Properties of the control system, such 
as the ability (transfer) of the chemical reactor to switch from one 
mode of work to another (transfer to new production), disturbance in-
variance, covariance to the given actions, and the asymptotic stability 
of isolated system, were also studied.
The simulation was performed with the following technological 
and constructive parameters of object: V =  = 500 L,  
mol/L,  mol/L, υ1 = 1.5 L/min, υ2 = 3.5 L/min, υ = 5 L/
min, activation energy E1 = 60300 J/mol, preexponential multiplier of 
rate constant k1 k10 = 109860 L/(mol min), ratios of rate constants of 
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consecutive steps k2k1 = 2, k3k1 = 2.5, and the given concentration of 
target component  = 0.54 mol/L. The parameters of adjustment of 
regulators are T1 = 20 min, T2 = 50 min, and T3 = 50 min.
In Figs. 2–4, the examples of transient control processes in the ob-
ject-regulator isolated system are given with the transition from pro-
duction  mol/min to production  mol/min 
by the change of stress. In Fig. 2, which demonstrates the change of 
regulated variables, the variant, when switching is performed in man-
ual mode, is given.
fig. 2. Change of controlled variable x4 (bold line) and the volume of mixture            
in device x5 (dashed line) with decrease in load υ by 20%: (1) control system                 
and (2) manual mode
fig. 3. Change in control action u1 = υ1 with decrease in load υ by 20%:                       
(1) control system and (2) manual mode
35МЖПИ, Том 6, №1, 2016
fig. 4. Change in control action u2 = υ2 with decrease in load υ by 20%:                       
(1) control system and (2) manual mode
As follows from Fig. 2, the major drawback of the manual mode of 
transfer to new production is the large over-regulation on the concen-
tration of target component, which leads to the loss of product.
conclusions
In this work, the problem of the analytical synthesis of the control 
law of chemical reactor with the transition from one production to 
another was solved via the methods of synergetic theory. Computer 
simulation of the object-regulator isolated system confirmed these 
properties of synthesized control system as the ability to switch chem-
ical reactor from one mode of work to another (transfer to new pro-
duction), disturbance invariance, covariance to the given actions, and 
asymptotic stability. These facts make synergetic control theory very 
promising applied to such complex, manifold, and nonlinear objects 
of chemical engineering as chemical reactors.
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